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The influence of Na2WO4 on the forming process and corrosion resistance of ceramic coatings was researched in silicate 
electrolyte system. The surface morphology and phase composition of ceramic coatings were analyzed by SEM and XRD. The 
results show that Na2WO4 can promote the formation of high impedance coatings, reduce the arcing-terminal voltages, and 
increase the thickness of ceramic coatings. When the concentration of Na2WO4 is 5 g /L, the arcing voltage is the lowest, the 
corrosion resistance of ceramic coatings is improved by 1.6 times compared with the ceramic coatings’ in silicate electrolyte 
system. 
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1. Introduction 
 
With the development of modern industry, the quality requirement on material surface is getting higher and 
higher. Micro-arc oxidation (MAO) is a kind of surface modification technique, which can in-situ form the ceramic 
coatings on the surface of valve metal such as Al, Mg, Ti and their alloys. Ceramic coatings of (MAO) are much 
compacter and harder compared with common surface modification technique, which can dramatically improve the 
wear resistance, corrosion resistance, insulation, heat shock resistance and other properties of the surface of 
aluminum alloy [1, 2, 3]. The main factors of affecting MAO process are electrolyte, energy parameters (current 
density, voltage, pulse frequency and duty cycle), substrate material and working temperature, etc. Electrolyte 
components are important factors of MAO process, alkaline electrolyte is mainly adopted at present, organic or 
inorganic additives are often added into it for further improving the comprehensive performance of coatings. The 
additives can be divided into: conductive agent (to improve solution conductivity), passivator (for the initial oxide 
coating), stabilizer (to improve the stability of the electrolyte and the pH value) and modifier (to improve special 
performance of ceramic coatings). Liu et al [4] studied that C3H8O3 and Na2EDTA could be used as stabilizers to 
improve stability and prolong the life of the electrolyte; Zhu [5] pointed out that the wear resistance of ceramic 
coatings could be improved more significantly by Na2MO4 than Na2WO4 under same test conditions, which was in 
accordance with Luo et al [6] researching conclusions. The effects of Na2WO4 on the arcing-terminal voltages, 
surface morphology, thickness, hardness, phase composition and corrosion resistance of ceramic coatings were 
researched in this paper, and the electrolyte formula was further optimized. 
  
2. Experimental methods 
Power supply used in tests was MAO-65D pulse power supply, which could export asymmetric square wave 
pulse. The thickness of ceramic coatings was measured by TT260 eddy current thickness meter. The surface 
morphology of ceramic coatings was characterized by JSM-5610LV scanning electron microscopy (SEM).The 
phase of ceramic coatings was analyzed by D8 ADVANCE X-ray diffraction (XRD) with diffraction angle 2ș: 
20~80 Û. The hardness of ceramic coatings was measured by HV-1000 micro-hardness tester. The corrosion 
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resistance was tested by PS-268 electrochemical measurement instrument with three-electrode system, the reference 
electrode was saturated calomel electrode (SCE), auxiliary electrode was platinum, study electrode was sample, the 
connection between the reference electrode and study electrode was used by salt bridge. In this test, the distance 
between Lu Jin capillary and the study electrode was l~2 mm, corrosion medium was 3.5% NaCl solution, pH = 7, 
the range of scanning potential was -1000~1500 mV , the scanning rate was 1 mV/s. 
Experimental samples are 6061aluminium alloy (20 mm ×20 mmh3 mm) , the chemical composition is shown in 
Table 1. 
Table1. Chemical composition of 6061 aluminum alloy. 
 
Chemical elements       Si       Mg      Mn     Fe     Zn     Ti       Cr          Cu      Bal 
Contents˄Ȧ %˅    0.4 0.8   0.8 1.2   0.15    0.7    0.25    0.15   0.04 - 0.35   0.15  0.4    Al 
  
Main components of electrolyte system: Na2SiO3 (10 g/L), NaOH (1 g/L), Na2WO4 (0̚6 g/L) and 
C10H14N2O8Na2 (1 g/ L). 
Technological process: wire cutting sample - drilling - polishing on abrasive paper (600 #, 800 # and 1500 #) - 
washing by pure water - drying - micro-arc oxidation - washing by pure water - drying - testing properties of 
ceramic coatings. 
 
3. Results and discussion 
3.1. The effect of additive on the arcing-terminal voltages 
Samples are treated with different concentrations of Na2WO4 in Na2SiO3 electrolyte system by constant current 
density (8 A /dm2) for 20 minutes, the arcing-terminal voltages changing regularity is shown in Figure 1. 
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Fig.1 The effect of variation of Na2WO4 concentration on the arcing-terminal voltages. 
 
The arcing-terminal voltages gradually decrease with the increase of Na2WO4 concentration, but the arcing 
voltage begins to increase when the Na2WO4 concentration is more than 5 g/ L. Because Na2WO4 has good corrosion 
inhibition effect, -24WO
 is absorbed on aluminum alloy surface in the forming of no qualitative structure and high 
resistance of the passive coatings when the sample is placed in electrolyte system. It can prevent the anodic dissolving 
process and make the early stage voltage of MAO increase rapidly, so the high resistance of the passive coatings 
plays a very important role in the later process of micro-arc oxidation. However, the impedance coatings can’t 
rapidly form on the surface of aluminum alloy in basic electrolyte system, voltage increases slowly in early stage of 
MAO. Experimental results show that the arcing voltage is 276 V, the arcing current is 0.5 A, oxidation time is 59 s 
in basic electrolyte system. The arcing voltage is 263 V, the arcing current is 0.3 A, oxidation time is 38 s in 
electrolyte system with Na2WO4 (2 g/L). The arcing voltage and arcing current are minimum when the concentration 
of Na2WO4 is 5 g/L. But when it is more than 5 g/L, at this time, more Na2WO4 is adsorbed on the surface of 
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electrode because of its too high concentration, the solution conductivity increases significantly, the adsorption of 
the principal former coatings is hindered, which has a negative impact on the MAO, so the arcing voltage and arcing 
current rise correspondingly. 
 
3.2. The effect of additive on the surface morphology and thickness of ceramic coatings 
 
    
Fig.2 The surface morphology of ceramic coatings. 
(a) The surface morphology of ceramic coatings in basic electrolyte system; (b) The surface morphology of ceramic 
coatings in Na2WO4 electrolyte system. 
 
The surfaces morphology of ceramic coatings treated with 8A/dm2 current density for 25 minutes in basic electrolyte 
system and in Na2WO4 electrolyte system are shown in Figure 2. When Na2WO4 is added into Na2SiO3 electrolyte 
system, the color of ceramic coatings becomes from offwhite to gray black, arc spot is small and dense with 
discharge breakdown, and volume of accumulation around plasma channel is reduced. The micro unevenness of 
surface of ceramic coatings is decreased, and ceramic coatings become much smoother and compacter. 
Samples are treated in Na2SiO3 electrolytic system with different concentrations of Na2WO4 by constant current 
density (8 A/dm2) for 40 minutes. The changing regularity of thickness of ceramic coatings is shown in Figure 3. 
The thickness increases with increase of Na2WO4 concentration in electrolytic system, more impurities discharge 
centers are generated on the surface of sample, which make the total area of the micro-arc melting region 
significantly increase. At the same time, the melting aluminum is rapidly oxidated by oxygen, the deposition rate of 
ceramic coatings is increased, resulting in ceramic coatings continuously thickening, which is consistent with Yan et 
al [7]researching results.  
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Fig. 3 The changing regularity of thickness of ceramic coatings with the variation of concentration Na2WO4. 
 
3.3. The effect of additive on the phase composition and hardness of ceramic coatings 
(a) (b)
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Fig. 4 Spectra of XRD of ceramic coatings formed in Na2WO4 electrolyte system
 
The phase composition analysis result of ceramic coatings in Na2WO4 electrolyte system by X-ray diffraction is 
shown in Figure 4. The phase of ceramic coatings is mainly composed of Į-Al2O3, Ȗ-Al2O3, Al and a small amount 
of WO3. Jiang et al [8] pointed out that W18O49 was also contained in ceramic coatings, and this phase isn’t found 
out in experiments that may be due to process conditions and experimental factors. The relative content of Į-Al2O3 
and Ȗ-Al2O3 is 62.6 %, the relative content of Į-Al2O3 and Ȗ-Al2O3 is 56.3 % in basic electrolyte system under the 
same process conditions. During the micro-arc oxidation process, the charged -24WO reaches the anode surface 
under the effect of strong electric field, then enters into the spark discharge channel by penetrating or diffusing, takes 
place a series of plasma, electrochemical and thermal chemical reactions. Possible reactions are as follows: 
                 
                             -24WO +2Al ėWO3+ Al2O3+O2Ė                                (1) 
                
Thereinto, oxygen produced by -24WO during the reactions can also make response continue to: 
 
4Al + 3O2 ė2Al 2O 3                                                               (2) 
                                       
The generated WO3 may also continue to react with Al, the reduction of W may be oxidized to compounds, 
repeating oxidation, Al can fully react due to the presence of -24WO , the relative content of Į-Al2O3 of ceramic 
coatings increases, so that ceramic coatings become much denser and smoother. 
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Fig.5 The changing regularity of hardness of ceramic coatings in different electrolyte systems. 
    
The changing regularity hardness of ceramic coatings in different electrolyte systems is shown in Figure 5. The 
hardness is gradually improved with the increase of oxidation time, the hardness of ceramic coatings in Na2WO4 
electrolyte system is higher than ceramic coatings’ in basic electrolyte system, which is closely related to the 
increase of the relative content of Į-Al2O3 and Ȗ-Al2O3, the formation of WO3 and the improvement of density of 
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ceramic coatings. The rate of outward growth is greater than the rate of inward growth during the former 40 minutes 
of micro-arc oxidation. Ceramic coatings are loose without obvious hierarchical structure, and the hardness of 
ceramic coatings is low at this time. The ceramic coatings mainly grow inward after 40 minutes of micro-arc 
oxidation, and it is dense and hard. Therefore, ceramic coatings significantly increases after 40 minutes, which is 
consistent with Xin [9] researching results. 
 
3.4. The effect of additive on the corrosion resistance of ceramic coatings 
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Fig.6 The polarization curves of different samples in 3.5 % NaCl solution.  
(a) 6061 aluminum alloy substrate; (b) the sample of micro-arc oxidation in basic electrolyte system; (c) the sample of 
micro-arc oxidation in electrolyte system with 5 g/L Na2WO4. 
 
The polarization curves of different samples in 3.5 % NaCl solution are shown in Figure 6. The main parameters 
of corrosion resistance are the corrosion potential Ek, the corrosion current density icorr and the relative corrosion rate 
that are derived from the polarization curves. Solving method of corrosion current density icorr is Tafel linear 
extrapolation method [10]. It. is obtained by the Tafel line with good linear relationship (Tafel anode line upper 
anodic polarization curve, Tafel cathodic linear the lower cathode polarization curve) extrapolation and intersection 
of the corrosion potential Ek, the results of electro-chemical corrosion are shown in Table 2. 
 
Table2. The results of electro-chemical corrosion in 3.5% NaCl solution. 
 
Samples         Self-corrosion            Self-corrosion current             Relative corrosion 
                potential Ek/ mV          density icorr/( mA·cm-2)            rate 
(a)            -961.07                        0.0368                       12.7  
 (b)            -733.82                        0.0029                        1  
  (c)            -542.03                        0.0018                       0.62 
 
As can be seen from above analysis, the corrosion potential of ceramic coatings made in basic electrolyte system 
shifts positively 227.25 mV, the corrosion current density is decreased by one order of magnitude. When 5 g/L 
Na2WO4 is added into the Na2SiO3 electrolyte system, the corrosion potential of ceramic coatings further shifts 
positively 191.79 mV, the corrosion current density further is decreased by 0.0011mA • cm-2. The higher the 
corrosion potential is, the lower corrosion current density is, and the better corrosion resistance of the surface of 
material is. The corrosion resistance of ceramic coatings is improved by 12.7 times compared with 6061 aluminum 
alloy substrate, and it is further improved by 1.6 times when 5 g/L Na2WO4 is added into Na2SiO3 electrolyte system, 
which is closely related to the improvement of morphology of ceramic coatings, the increase of density and the 
increase of corrosion resistance of Į-Al2O3 phase. 
 
4. Conclusions 
112   Yajuan Liu et al. /  Physics Procedia  32 ( 2012 )  107 – 112 
(1) Na2WO4 can promote the formation of high impedance coatings, reduce arcing-terminal voltages and decrease 
energy consumption of micro-arc oxidation. The arcing voltage is the lowest when the concentration of Na2WO4 is 5 
g/L, and the ceramic coatings become much denser, smoother, then the relative content of Į-Al2O3 phase increases 
too. 
(2) Micro-arc oxidation ceramic coatings have good corrosion resistance which is increased by 12.7 times 
compared with 6061 aluminum alloy substrate. Its corrosion resistance is further improved by 1.6 times after 5 g/L 
Na2WO4 is added into Na2SiO3 electrolyte system. 
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